The effects of interstitial carbon solute and titanium carbide on the tensile and fatigue properties of an (¡+¢)-type titanium alloy, Ti4.5Al 2.5Cr1.2Fe0.1C (KS Ti-531C), with bimodal and Widmanstätten ¡ structures were investigated. In order to control the microstructures, this alloy was subjected to annealing at temperatures just below and just above the ¢-transus (531C-¡+¢ annealed and 531C-¢ annealed, respectively). The microstructure of 531C-¡+¢ annealed shows a bimodal structure and any titanium carbide is not observed, whereas that of 531C-¢ annealed shows a Widmanstätten ¡ structure and some titanium carbides, which are considered to be Ti 2 C, are observed. The tensile strength and elongation of 531C-¡+¢ annealed and 531C-¢ annealed are similar, but 0.2% proof stress is higher and further the reduction of area is much larger for 531C-¡+¢ annealed than 531C-¢ annealed. Their tensile properties depend mainly on the type of microstructure and interstitial element partitioning because the titanium carbide is not observed on the fractured surfaces of both the alloys after tensile tests. Also, the fatigue properties of 531C-¡+¢ annealed are better than those of 531C-¢ annealed. The titanium carbide is observed on the fractured surface of 531C-¢ annealed, but not observed on that of 531C-¡+¢ annealed, after fatigue tests. Therefore, titanium carbide is considered to cause deterioration in the fatigue properties of 531C-¢ annealed compared to those of 531C-¡+¢ annealed.
Introduction
An industrial (¡+¢)-type titanium alloy, Ti4.5Al4Cr 0.5Fe0.2C (KS EL-F), with good mechanical properties at room temperature, similar to those of Ti6Al4V (Ti64), and high hot-workability with low flow stress during deformation at high temperature, similar to that of commercially pure titanium (CPTi), has recently been developed. 1, 2) In this alloy, a relatively large amount of carbon (C), which is generally an impurity element in titanium alloys, is added within the solid solubility limit on the basis of the concept that high strength is likely to be achieved by solid solution strengthening as a result of interstitial carbon solute at room temperature, although such strengthening disappears at high temperatures. However, addition of a large amount of carbon sometimes induces precipitation of titanium carbides such as TiC 36) and Ti 2 C 710) during fabrication processes such as casting, hotworking and heat-treatment. Such titanium carbides affect the mechanical properties of titanium alloys; they generally tend to increase the strength, but decrease the ductility. Furthermore, KS EL-F has a relatively high chromium (Cr) content, and thus brittle intermetallic compounds such as TiCr 2 precipitate, depending on the type of heat-treatment, leading to deterioration in the ductility. 3, 11) The chemical composition of KS EL-F was therefore slightly modified 3, 6) to Ti4.5Al 2.5Cr1.2Fe0.1C (KS Ti-531C); 12) the carbon content was reduced to suppress titanium carbide precipitation, and the chromium content was reduced and the iron (Fe) content was increased to suppress TiCr 2 precipitation, but the molybdenum equivalent of this alloy was almost the same as that of KS EL-F. However, according to the thermodynamically calculated phase diagrams of KS EL-F and the modified alloy, the solid solubility limit of carbon decreases at temperatures near the ¢-transus, in the range 11501300 K. This temperature range is often chosen for hot-working and heat-treatment to control the microstructures of (¡+¢)-type titanium alloys. It was therefore feared that titanium carbide would precipitate during the fabrication process and cause deterioration of the mechanical properties, especially related to ductility and fatigue, of KS Ti-531C. Therefore, in the present study, the tensile and fatigue properties of KS Ti-531C subjected to annealing at temperatures above and below the ¢-transus were evaluated, focusing on the effects of high carbon content on these properties.
Experimental Procedures

Materials
The chemical composition of the KS Ti-531C ingot used in this study was the same as that reported previously.
12) The ingot was hot-forged at 1373 K in the ¢-phase region near the ¢-transus temperature (around 1243 K) and then hotforged at 1173 K in the (¡+¢)-phase region near the ¢-transus temperature. After hot forging, two types of annealing were carried out: one was annealing in the (¡+¢)-phase region at 973 K for 7.2 ks, followed by air cooling (531C-¡+¢ annealed); the other was annealing in the ¢-phase region at 1273 K for 7.2 ks, followed by water quenching and then annealing in the (¡+¢)-phase region at 973 K for 7.2 ks, followed by air cooling (531C-¢ annealed). The surface of the sample was then machined to remove the oxide scale formed during hot-forging and annealing.
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Microstructural analysis
The microstructures of 531C-¡+¢ annealed and 531C-¢ annealed were analyzed using an optical microscope, a scanning electron microscope (SEM), an electron probe microanalyzer (EPMA) and an X-ray diffractometer (XRD). Specimens of dimensions with 5 mm © 5 mm © 2 mm were cut from both samples, and wet polished using SiC emery papers of up to #4000 grit, and then buff-polished to a mirror finish using a liquid SiO 2 suspension. After polishing, the samples were etched for about 5 s at room temperature using an aqueous solution of 2% HF + 10% HNO 3 + 10% H 2 O 2 . The accelerating beam voltage for SEM was set at 15 kV. The volume fractions and sizes (diameter, length, width, etc.) of the constituted phases and crystal grains were obtained by image analysis. XRD was performed using a Cu-K¡ radiation with a tube voltage and current of 40 kV and 40 mA, respectively, and a collimator with an aperture diameter of 800 or 100 µm. In both samples, ¡-and ¢-phases were detected by XRD.
Mechanical tests
The mechanical properties of 531C-¡+¢ annealed and 531C-¢ annealed were evaluated using tensile and fatigue tests. The tensile and fatigue specimens were prepared by machining from the samples of 531C-¡+¢ annealed and 531C-¢ annealed, as shown in Fig. 1 . The longitudinal direction of the specimen along the loading axis was set to be parallel to the forging direction.
The surfaces of the tensile specimens were polished using SiC emery papers of up to #1500 grit. The tensile tests complied with ASTM E8 and were conducted with a crosshead speed of 8.33 © 10 ¹6 m·s ¹1 in air at room temperature using an Instron-type machine. The load was measured using the load cell attached to the machine, and the strain was measured using a strain gauge attached to the specimen. The elongation at fracture was determined by measuring the gauge length before and after the tensile tests. Three tests were conducted and evaluated for each sample. After tensile testing, the fractured surfaces were cleaned ultrasonically in acetone, and then observed by SEM. In this observation, a minimum cross-sectional area in the fractured tensile specimen was measured, and then the reduction of area due to tensile deformation was obtained.
The surfaces of the fatigue specimens were polished using SiC emery papers of up to #4000 grit, and then buff-polished to a mirror finish using a liquid SiO 2 suspension. The fatigue tests were conducted according to ASTM E466 in air at room temperature using an electro-servo-hydraulic machine under a sinusoidal wave with a frequency of 10 Hz and a stress ratio of R = 0.1 in tensiontension mode. In this study, the fatigue limit was defined as the maximum cyclic stress at which the specimens had still not failed after 10 7 cycles. After fatigue testing, the fractured surfaces were cleaned ultrasonically in acetone and then observed by SEM. Figure 2 shows the optical micrographs of cross-sections of 531C-¡+¢ annealed and 531C-¢ annealed. The microstructure of 531C-¡+¢ annealed reveals a bimodal structure, consisting of equiaxed ¡-grains (primary ¡-phase: white region) and (needle-like ¡+¢)-two-phase area between primary ¡ phases (¢-phase including secondary ¡-phase: gray region), as shown in Fig. 2(a) . The volume fraction and average grain diameter of the primary ¡-phase are 40% and 5 µm, respectively, and the average length and average width of the secondary ¡-phase are 6 µm and 0.5 µm, respectively. In contrast, the microstructure of 531C-¢ annealed has a Widmanstätten ¡ structure; equiaxed ¡-grains are not observed, but coarse prior ¢-grains of average diameter around 300 µm are observed, as shown in Fig. 2 
Results and Discussion
Microstructure
(b).
A (lamellar ¡+¢)-structure including some ¡-colonies inside the prior ¢-grains and ¡-plates along the prior ¢-grain boundaries can be observed. The average length and average width of the ¡-phase in the (lamellar ¡+¢)-structure are 25 µm and 1.5 µm, respectively, and the average diameter of the ¡-colony is around 60 µm. Moreover, in the case of 531C-¢ annealed, some precipitates with an average diameter of 6.9 µm are observed. Figure 3 shows the XRD profile in the vicinity of the precipitate formed in 531C-¢ annealed. This profile was obtained from a precipitate aggregate using a collimator with an aperture diameter of 100 µm, limiting the X-ray-irradiated area. Peaks in addition to those of the ¡-and ¢-phases are detected in 531C-¢ annealed, whereas only ¡-and ¢-phase peaks were detected in 531C-¡+¢ annealed. The additional peaks are derived from TiC or Ti 2 C, although these titanium carbides could not be distinguished by XRD analysis in this study. When XRD analysis was carried out using a collimator with an aperture diameter of 800 µm, the TiC and Ti 2 C peaks were not detected, even in 531C-¢ annealed, because the volume fraction of TiC or Ti 2 C was very small. Figure 4 shows the result of EPMA point analysis of precipitates formed in 531C-¢ annealed. The titanium and carbon contents are quite high, so the precipitates are identified as titanium carbides. Furthermore, the ratios of the atomic concentrations of titanium to those of carbon in all the precipitates are around 2 : 1. This EPMA point analysis hardly measures the signals from the alloy matrix because the precipitate size (average diameter: 6.9 µm) is larger than the detection depth (around 2 µm) in this analysis method. The titanium carbide formed in 531C-¢ annealed is therefore probably Ti 2 C. Figure 5 shows the tensile properties of 531C-¡+¢ annealed and 531C-¢ annealed. The tensile strength and 0.2% proof stress of 531C-¡+¢ annealed are 1060 and 1026 MPa, respectively, and those of 531C-¢ annealed are 1037 and 925 MPa, respectively; the tensile strengths of 531C-¡+¢ annealed and 531C-¢ annealed are comparable to each other, but the 0.2% proof stress of 531C-¡+¢ annealed is around 100 MPa higher than that of 531C-¢ annealed. With regard to elongation, the values of 531C-¡+¢ annealed and 531C-¢ annealed are 12.1 and 13.6%, respectively, showing comparable and acceptable elongations of over 10%. The reduction of area of the tensile specimen of 531C-¡+¢ annealed is much larger than that for 531C-¢ annealed; the values are 32.5 and 3.8%, respectively. These results indicate that localized shrinkage occurs by non-uniform deformation in 531C-¡+¢ annealed, but almost no localized shrinkage occurs by uniform deformation in 531C-¢ annealed. Figure 6 shows the SEM fractographs of 531C-¡+¢ annealed and 531C-¢ annealed after the tensile tests. The macro-fractured surface of 531C-¡+¢ annealed reveals typical cup-and corn-type ductile fracture morphology with localized shrinkage. The micro-fractured surface of this sample also reveals ductile fracture morphology with many equiaxed dimples. Further, any precipitate is not observed on the fractured surface of 531C-¡+¢ annealed after the tensile tests. In contrast, the macro-fractured surface of 531C-¢ annealed is roughly undulating, and shows almost no localized shrinkage. Furthermore, with regard to its microfractured surface, the fracture morphology is relatively brittle compared with that of 531C-¡+¢ annealed; dimples are coarsened and some facets are also observed in 531C-¢ annealed. However, any precipitate is not observed also on Tensile and Fatigue Properties of Carbon-Solute-Strengthened (¡+¢)-Type Titanium Alloythe fractured surface of 531C-¢ annealed. These results indicate that the microstructural factors except the presence of titanium carbide may dominate the tensile properties of both 531C-¡+¢ annealed and 531C-¢ annealed. It is generally known that the tensile properties of (¡+¢)-type titanium alloys with bimodal and Widmanstätten ¡ structures strongly depend on the diameter of the ¢-grains, which include secondary ¡-phase between primary ¡ phases, and that of the ¡-colonies, respectively.
Tensile properties
13) The average diameter of the ¢-grain, which is similar to that of primary ¡-grain, in 531C-¡+¢ annealed (5 µm) is smaller than that of the ¡-colonies in 531C-¢ annealed (around 60 µm). Therefore, from the viewpoint of microstructural morphology, the strength of 531C-¡+¢ annealed is likely to be higher than that of 531C-¢ annealed. (¡+¢)-type titanium alloys with bimodal structure generally exhibit high ductility in comparison to alloys with Widmanstätten ¡ structure, 13) but the results of the tensile tests showed similar elongations for 531C-¡+¢ annealed and 531C-¢ annealed. This result seems to be related to the concentration of carbon and oxygen solutes in KS Ti-531C; it is well known that interstitial carbon is likely to increase strength, but decrease ductility, via solid solution strengthening. 14) In the case of 531C-¡+¢ annealed, carbon is considered to dissolve in any ¡-phase because any titanium carbide was not observed. Contrary to this, titanium carbide was formed, so the concentration of carbon dissolved in any ¡-phase is considered to be less in 531C-¢ annealed than in 531C-¡+¢ annealed. Furthermore, according to a previous report, titanium carbide plays a role as an oxygen solute getter, so, in this case, the concentration of interstitial oxygen, which also induces solid solution strengthening, was decreased, resulting in inhibition of ductility decrease.
10) Therefore, the ductility of 531C-¡+¢ annealed is possible to be deteriorated by carbon-solute partitioning in comparison to the alloys containing smaller amount of carbon solute with bimodal structure, resulting in elongation comparable to that of 531C-¢ annealed. Figure 7 shows the fatigue properties of 531C-¡+¢ annealed and 531C-¢ annealed. For comparison, the reported range of fatigue limits of Ti64 annealed 15) is shown in the figure. The fatigue limit of 531C-¡+¢ annealed is around 830 MPa, which is higher than that of Ti64 annealed. Furthermore, the fatigue ratio (fatigue limit/tensile strength) of 531C-¡+¢ annealed is 0.78, which is also higher than that of Ti64 annealed (0.420.62 16) ). For 531C-¢ annealed, the fatigue limit and fatigue ratio are around 675 MPa and 0.66, respectively. These values are lower than those of 531C-¡+¢ annealed, but comparable to the upper limits of the fatigue limit and fatigue ratio ranges for Ti64 annealed. Figure 8 shows the SEM fractographs of 531C-¡+¢ annealed after a fatigue test at N > 10 5 in a high-cycle fatigue-life region. Internal crack initiation occurs and the crack propagates radially from the crack initiation site to the specimen interior. Furthermore, inclusions and pores are not observed, but a facet with a morphology similar to that of a needle-like ¡-aggregate is observed at the crack initiation site. Therefore, for 531C-¡+¢ annealed, the crack initiation is considered to occur in (needle-like ¡+¢)-two-phase area between primary ¡ phases. According to previous reports, crack was initiated in the primary ¡-phase, and thus the size of the facet was similar to that of the primary ¡-phase in Ti64. 17, 18) However, in the case of other (¡+¢)-type alloys such as Ti5.8Al4Sn3.5Zr0.7Nb0.5Mo0.35Si (IMI834), crack initiation was observed in (needle-like ¡+¢)-two-phase area between primary ¡ phases. 13) One of the factors where crack initiation occurs depends on the alloying element partitioning effect; in the case of (¡+¢)-type titanium alloys with bimodal structure, recrystallization occurs during heat treatment and/or hot working at the temperatures in the (¡+¢)-phase region, and the area concentrating ¡-stabilizing elements becomes primary ¡-phase. Therefore, solid solution strengthening occurs in primary ¡-phase, and then the strength of the primary ¡-phase is sometimes higher than that of (needle-like ¡+¢)-two-phase area between primary ¡ phases. However, the occurrence of alloying element partitioning effect depends on the chemical composition of the alloys; this effect is stronger for IMI834 than for Ti64. Carbon is an ¡-stabilizing element and its contribution to solid solution strengthening is large because it is an interstitial element in titanium alloys. Further, atomic diffusion of carbon is relatively high because of the interstitial element. Therefore, the alloying element partitioning effect due to carbon-solute is easy to occur in (¡+¢)-type titanium alloys. In particular, the carbon content in KS Ti-531C is relatively high, and the high strength of this alloy at room temperature is derived from solid solution strengthening resulting from the high carbon content. Therefore, in the case of 531C-¡+¢ annealed, the crack-initiation resistance of the primary ¡-phase can be higher than that of (needle-like ¡+¢)-two-phase area between primary ¡ phases. Figure 9 shows the SEM fractographs of 531C-¢ annealed after a fatigue test at N > 10 5 in the high-cycle fatigue-life region. In 531C-¢ annealed, internal crack initiation occurs and the crack propagates radially from the crack initiation site to the specimen interior, as in the case of 531C-¡+¢ annealed. However, for this sample, an inclusion is observed in a facet at the crack initiation site; such an inclusion was not observed in the fractured surface of 531C-¢ annealed after the tensile tests. The result of EPMA point analysis shows that the chemical composition of this inclusion is almost the same as that of titanium carbide, as shown in Fig. 4 . Furthermore, the size of this inclusion corresponds to that of titanium carbide, as shown in Fig. 2 . It is therefore considered that titanium carbide induces crack initiation in 531C-¢ annealed.
Fatigue properties
According to a previous report, microstructural factors dominating high cycle fatigue strength of (¡+¢)-type titanium alloys with equiaxed ¡ structure and Widmanstätten ¡ structure are the diameter of equiaxed ¡-grain and the diameter of ¡-colony or width of ¡-lamella, respectively. 19) In the case of bimodal structure, the diameter of equiaxed ¡-grain is also important because crack initiation usually occurs in equiaxed ¡-grains in a high cycle fatigue life region. 18) Therefore, the fatigue limit of (¡+¢)-type titanium alloys depends on these sizes; smaller diameter and thinner width of ¡-phase increase the resistance of crack initiation during cyclic loading. Further, the alloying element partitioning sometimes affects the high cycle fatigue strength of (¡+¢)-type titanium alloys with bimodal structure. For example, in the case of IMI834 with bimodal structure, crack initiated in (needle-like ¡+¢)-two-phase area between primary ¡ phases by the alloying element partitioning effect and thus its fatigue limit became lower than that of the sample with Widmanstätten ¡ structure, while the diameter of ¡-colony in the Widmanstätten ¡ structure is larger than that of equiaxed ¡-grain (and also that of ¢-grain that includes secondary ¡-phase between primary ¡ phases) in the bimodal structure. 13) In this study, the average diameter of equiaxed ¡-grain in 531C-¡+¢ annealed (5 µm) was smaller than the average diameter of ¡-colony in 531C-¢ annealed (60 µm), but the crack initiation occurred in (needle-like ¡+¢)-two-phase area between primary ¡ phases because of carbon-solute
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Magnified image of crack initiation site 30 μm 1 mm Tensile and Fatigue Properties of Carbon-Solute-Strengthened (¡+¢)-Type Titanium Alloypartitioning effect in 531C-¡+¢ annealed. Moreover, the crack initiation induced by titanium carbide was observed in 531C-¢ annealed after testing in high cycle fatigue life region. This result indicates that the presence of titanium carbide is the most influential factors on the high cycle fatigue strength of 531C-¢ annealed. Therefore, both the effects of carbon-solute partitioning and the presence of titanium carbide in addition to the effect of above-mentioned microstructural sizes on high cycle fatigue strength should be considered for KS Ti-531C. The results of fatigue tests showed that the fatigue limit of 531C-¡+¢ annealed is higher than that of 531C-¢ annealed as shown in Fig. 7 , and thus it is considered that the presence of titanium carbide deteriorated the high cycle fatigue strength drastically in comparison to the carbon-solute partitioning for KS Ti-531C.
Conclusions
In this study, the tensile and fatigue properties of an (¡+¢)-type titanium alloy, Ti4.5Al2.5Cr1.2Fe0.1C (KS Ti-531C), subjected to annealing at temperatures above and below the ¢-transus were evaluated, focusing on the effects of high carbon content on these properties. The following results were obtained.
(1) The microstructure of KS Ti-531C subjected to annealing in the (¡+¢)-phase region (531C-¡+¢ annealed) shows a bimodal structure consisting of primary ¡-grains and (needle-like ¡+¢)-two-phase area between primary ¡ phases, and any titanium carbide is not observed. In contrast, the microstructure of KS Ti-531C subjected to annealing in the ¢-phase region and then in the ¡+¢-phase region (531C-¢ annealed) shows a Widmanstätten ¡ structure consisting of (lamellar ¡+¢)-grains, including some ¡-colonies inside prior ¢-grains, and ¡-plates along prior ¢-grain boundaries; it also contains some titanium carbide, which is considered to be Ti 2 C. (2) The tensile strengths of 531C-¡+¢ annealed and 531C-¢ annealed are comparable to each other, but the 0.2% proof stress of 531C-¡+¢ annealed is higher than that of 531C-¢ annealed. With regard to elongation, the values for both 531C-¡+¢ annealed and 531C-¢ annealed are comparable and acceptable, at over 10%. In contrast, the reduction of area for 531C-¡+¢ annealed is much larger than that for 531C-¢ annealed. The tensile properties of KS Ti-531C depend mainly on the type of microstructure and interstitial element partitioning, rather than the presence of titanium carbide. (3) The fatigue properties of 531C-¡+¢ annealed are better than those of 531C-¢ annealed. In the case of 531C-¡+¢ annealed, internal crack is initiated in (needle-like ¡+¢)-two-phase area between primary ¡ phases. The carbon solute is considered to contribute to increase in the resistance to crack initiation of the primary ¡-phase during cyclic loading. In the case of 531C-¢ annealed, internal crack is initiated at titanium carbide. Titanium carbide is considered to cause deterioration in the fatigue properties of 531C-¢ annealed compared with those of 531C-¡+¢ annealed. ) and result of EPMA point analysis of precipitate observed at crack initiation site.
